The near horizon geometry of four-dimensional black holes in the dilute gas regime is AdS 3 × S 2 , and the global symmetry group is SU (2) × U Sp(6). This is exploited to calculate their perturbation spectrum using group theoretical methods. The result is interpreted in terms of three extreme M 5-branes, orthogonally intersecting over a common string. We also consider N = 8 black holes in five dimensions, and compute the spectrum by explicit decoupling of the equations of motion, extending recent work on N = 4 black holes. This result is interpreted in terms of D1-and D5-branes that are wrapped on a small four-torus. The spectra are compared with string theory.
Introduction
It has been proposed that, in certain limits, the near horizon geometry of brane configurations contain all the structure needed to construct the underlying quantum theory [1] . In particular, the spectrum of classical perturbations in the near horizon region is equivalent to that of the quantum operators [2] , and the quantum correlation functions are similarly encoded in the geometry [3, 2] . These relations have been extensively exploited to study conformally invariant gauge theories in four and six dimensions. Another interesting system is the bound state of D1-branes and D5 branes, because of its relation to black holes in five dimensions [4] , and plausibly to second-quantized string theory [5] . In the case of D1 − D5 the corresponding conformal field theory (CFT) is two dimensional, and so the techniques for its study are well-developed; moreover, the spectrum of perturbations in the near horizon geometry has been computed completely for D1 − D5 wrapped on a small K3 [6] . The correspondance with the CFT has been strikingly confirmed in some instances [7, 8] ;
but the map may nevertheless be imperfect [9] .
The purpose of the present paper is to present the spectrum of the black holes in N = 8 supergravity, with emphasis on the four dimensional case [10, 11, 12] . Their spectrum is classified in general, using the global duality symmetries. In the dilute gas regime the global symmetries are enhanced to SU(2) × USp (6) , and the near horizon geometry is of the form AdS 3 × S 2 . This structure is exploited to give a derivation of all the conformal weights and the associated global quantum numbers, using group theoretical methods. The result provides the starting point for a more detailed study of the conformal field theory that describes the internal structure of black holes in four dimensions [13, 14, 15] . This theory is not well-understood from fundamental string theory so the spectrum of perturbations gives new results, such as the complete list of chiral primary fields.
The spectrum of black hole perturbations can be applied to the study of the dynamics underlying the emission and absorption of Hawking radiation. In the simplest case, the minimally coupled scalar field, there is a quantitative microscopic model that gives both the amplitude [16] , and the energy dependence of the Hawking radiation [17] , in perfect agreement with semiclassical calculations of greybody factors.
For more complicated processes there are interesting results, including [18, 19, 20, 21, 22, 23, 24, 25] , indicating that most or all processes can be interpreted as interactions in an effective string theory. The spectrum of black hole perturbations, presented in this paper, gives the quantum numbers of the black hole constituents, whose collisions
give rise to the Hawking radiation. However, the detailed picture of the black hole dynamics remains incomplete: on the semi-classical side, it is not in general clear how the near-horizon wave functions match onto the free wave functions in the asymptotic Minkowski space. Microscopically, the couplings between operators in the conformal field theory and the fields in the bulk of spacetime are not yet understood in detail.
And, perhaps most seriously, the present discussion appears to apply only for black holes in the "dilute gas" regime. Despite these caveats, the results presented here provide progress towards a comprehensive theory of black hole dynamics.
In the above, the discussion has been framed in terms of the properties of black holes in four dimensions. However, in the dilute gas regime the spacetime is effectively that of a black string in five dimensions. This string can be interpreted as the intersection manifold of three intersecting M5-branes. The interpretation as a regular black hole in four dimensions requires that the effective string wraps a compact dimension, and momentum must be added that flows along the string, in one or both directions. However, in the near horizon region, the black hole spacetime and that of three extreme M5-branes, uncompactified along their common string, differ only in their global properties. Thus, since the present paper studies local properties of spacetime, the two perspectives are equally valid. Further discussion of the relation between the two interpretations was given, in the context of rotating black holes in five dimensions (or rotating black strings in six dimensions), in [26] .
The AdS/CF T correspondance has been exploited extensively to study black holes in five dimensions [7, 8, 27 ] (see also [28, 29, 30] ). Most of this work has been in the context of the black holes in N = 4 supergravity, interpreted microscopically as D1 − D5 wrapped on a small K3 manifold that is transverse to the D1, and within the D5. In sec. 3 we discuss how these results are extended to black holes in N = 8 supergravity, or D1 − D5 wrapped on a small transverse four-torus T 4 .
The perturbation spectrum is computed by explicit decoupling of the linearized wave equations satisfied by the bosonic perturbations, as an illustration of those methods. 2 N = 8 Black Holes in Four Dimensions.
Global Symmetries
We are interested in the perturbation spectrum of the background specified by 3 intersecting M5-branes. It is assumed that the configuration is compactified along all dimensions within the M5-branes, leaving 4 noncompact dimensions. In practice, additional dimensions can be decompactified, as long as the background has been averaged over the "internal" directions; the global specification of spacetime will not enter our considerations. The configuration can be interpreted in terms of black holes in four dimensions and we begin the discussion by considering the most general black holes in four dimensions. This generality will give some additional properties that are not strictly needed here, but they are of interest in their own right.
General considerations: The duality group of N = 8 supergravity in four dimensions is E 7(7) [31] . Any choice of vacuum configuration breaks this global symmetry spontaneously to its maximal compact subgroup SU(8), due to the specification of the scalars at infinity. The supersymmetry generators Q The global symmetry is in general broken further in a nontrivial background. This is most conveniently analyzed in terms of the central charge matrix Z AB , an antisymmetric tensor that transforms in the 28 of the SU (8) . It can be represented up to an SU(8) transformation as an antisymmetric 8 × 8 matrix with the skeweigenvalues (see [32, 33] and references therein):
In this formula the boldfaced symbols denote the physical (dressed) charges. These are the charges that actually appear in the spacetime solution; they are related to Extreme black holes: For extreme black holes the dynamics determines the moduli in terms of the microscopic charges so that, in the near horizon region, the physical charges are identical [34] :
Then three of the skew-eigenvalues of the central charge matrix vanish and the global symmetry is broken SU(8) → SU(2) × SU (6) . The vacuum multiplets decompose as:
In the extreme case the background preserves N = 1 SUSY which, in the horizon region, is enhanced to N = 2 SUSY. Therefore the fields eq. 6 can be represented (2) 4 . These result agree with those of [35] .
The boundary conditions at infinity on the scalars can be chosen so that the relation eq. 5 is maintained throughout spacetime. With this choice of moduli, referred to as double extreme black holes (see e.g. [36] ), the global SU(6) can be applied away from the near-horizon region. Thus this symmetry classifies the full greybody factors, rather than just the near-horizon wave function.
Near extreme black holes: Next, consider near extreme black holes in the "dilute gas" regime. Since the supersymmetry is not restored in the horizon region the "fixed" scalars do not take on precisely their fixed point values; however some of them do, so that:
This equation can be verified explicitly in specific examples; more generally it can be taken as a duality invariant definition of the dilute gas regime. Eq. 7 implies that three of the eigenvalues of the central charge matrix are identical, without being zero.
Therefore the global symmetry is broken as SU (8) → SU(2) × USp (6) . The SU (6) multiplets that decompose nontrivially under USp(6) are:
where the 14 is the antisymmetric 2-tensor of USp (6), and the 14 ′ is the antisymmetric 3-tensor. In both cases traces are removed, making it possible that the two representations have the same dimension without being equivalent.
The breaking from SU(6) to USp(6) only affects the hyper-multiplet and the vector-multiplet, dividing each of them into two smaller multiplets. In the dilute gas regime one of the internal dimensions effectively decompactifies so the local Lorentz group is enhanced from SO(3, 1) to SO(4, 1). As result the D = 4 graviton multiplet combines with the vector-multiplet in the 1 of SU (6) In summary, the structure of the supermultiplets for perturbations of black holes in the dilute gas regime, is:
• The N = 2 graviton multiplet has 1 graviton, 2 gravitini (in the 2 of the global SU(2) ), and 1 vector. They have 5, 2×4, and 3 degrees of freedom, respectively.
The multiplet is 1 under the global USp(6).
• The massive gravitino multiplet has 1 massive gravitino and 2 vectors (in the 2 of the global SU(2) ); they have 6 and 2 × 3 degrees of freedom, respectively.
The multiplet is 6 under the global USp(6).
• The vector-multiplet has 1 vector, 2 fermions (in the 2 of the global SU(2) ), and 1 scalar. They have 3, 2 × 2, and 1 degrees of freedom, respectively. The multiplet is 14 under the global USp(6). The scalars are the fixed scalars.
• The hyper-multiplet has 1 fermion and 2 scalars (in the 2 of the SU (2) The multiplet structure can be recovered directly from the five-dimensional perspective, by considering the near-horizon geometry of an extreme black hole; the computation is similar to the extreme case in four dimensions, except that the compact duality group in five dimensions is USp(8).
In the case of three orthogonally intersecting M5-branes, it is possible to include momentum running along the line of intersection (in both directions, breaking supersymmetry); however, the geometry remains locally AdS 3 ×S 2 ×T 6 after this apparent generalization, and so the spectrum of perturbations is unaffected. Thus, for local properties, the possibility of momentum can be ignored without loss of generality. In particular, the spectrum is organized in supermultiplets, even when supersymmetry is broken.
Superconformal multiplets
In this section we find the perturbation spectrum of the near horizon region of three intersecting M5 branes, as classified under the (4, 0) superconformal symmetry of the underlying CFT in two dimensions. This is accomplished by an indirect strategy: the properties satisfied by the supermultiplets from general principles determines them
uniquely. The precise steps are discussed in the following.
Global symmetries: In section 2.1 the perturbations of black holes in the dilute gas regime were classified under the global SU (2)×USp (6) symmetry. This symmetry is preserved by the near horizon geometry; so there can be no mixing between the hyper-multiplet, the vector-multiplet, the massive gravitino multiplet, and the N = 2 graviton multiplet. The field content of these multiplets was written out in the end of the previous section.
Superconformal symmetry: The near horizon geometry is AdS 3 × S 2 [38] . This background can be expressed as the group manifold 2 :
In this form the bosonic symmetries are manifest. The hj
where k can be integer or half-integer. These multiplets are perhaps more familiar as the short representations of N = 4 supersymmetry in two dimensions. The numbers of fermions and bosons at each level coincide and equals 2(2k + 1). Note that the SL(2, IR) L is not a subgroup of any supergroup, so every element of the superconformal multiplet has identical eigenvalue h of the SL(2, IR) L generator L 0 .
Light cone helicities:
It is simplest to analyze the physical spectrum in the lightcone frame, where all modes are physical. The local SO(4, 1) Lorentz group 3 has little group SO(3) for massless fields; so the possible light-cone helicities for fields with spin s are:
The light-cone can be chosen in the t−x 11 plane of the AdS 3 , where the 11th dimension is along the intersection of the M5-branes, and then the helicity is also given by Lorentz-properties to find the possible helicities and their degeneracies; now simply choose superconformal multiplets in the unique way that exhausts all the values of the helicity. This can be done systematically, noting that each element in the superconformal multiplet has the same value of h, so the highest SU(2) component, given in the first row of eq. 11, is the entry with the minimal AdS 3 spin s 0 = h −h. After the form of the multiplets has been found, the leading eigenvalues are determined by considering specific components, as described above.
In the following we make this procedure explicit by considering each of the N = 2, D = 5 multiplets in turn.
Hyper-multiplet: There are only scalars and spin- 1 2 fermions, and all components fit in a single superconformal multiplet:
with l = 0, 1, · · ·. Note that the l = 0 entry is a particularly short multiplet, because the vacuum is acted on nontrivially by only one of the four supercharges.
The entry in the centre row are the minimally coupled scalars whose conformal weights have previously been identified by explicit calculation [19, 40, 22] ; the results agree. By supersymmetry, the fermion with l = 0 should share the property with minimally coupled scalars that, for each value of the helicity, the absorption crosssection σ abs (ω → 0) = A 4 , where A 4 is the area of the black hole; in contrast, σ abs (ω → 0) = 0 for fermions that satisfy the Weyl equation [41, 25] . It would be interesting to verify this prediction by explicit calculation.
Vector multiplets: The helicities of the D = 5 vectors are h −h = ±1, 0; and the scalar has h −h = 0. This determines the supermultiplets as:
and
(2, 14)
The with those that have previously been identified by direct calculation [18, 20] .
Massive gravitino multiplets: In this case the D = 5 vector transforms in the 2
of the global SU(2); so its helicities determines the three supermultiplets:
Again, the fermion helicities serve as a check. 
The Chiral Primary Fields
The chiral primaries are useful because they generate the complete supermultiplet.
They are defined as the states that satisfyh =j. More precisely, the representation j of the SU(2) rotation group has elements with projections on some axisj 3 = −j, · · · ,j. The states withh =j 3 are the anti-chiral primaries; those withh = −j 3 are chiral primaries. We will not uphold these distinctions.
The chiral primaries are precisely the first entry of each table in the previous section. They are:
The AdS/CF T correspondance predicts that this table gives the complete list of chiral primaries in the effective string theory describing three orthogonally intersecting M5-branes. In supergravity, it gives all the conformal weights underlying the greybody factors of black holes in the dilute gas regime.
The 10 chiral primaries at each level can be generated from the 
N = 8 Black Holes in Five Dimensions
The perturbation spectrum of five-dimensional black holes and their associated sixdimensional black strings has been considered recently by several workers [7, 8, 6] .
In particular, the linearized equations of motion have been separated completely by explicit calculation, in the case of N = 4 supergravity [7, 6] The conformal weights of the additional multiplet can be worked out using group theory, as in the previous section. A new feature is that, for massless fields, the little group SO(4) ≃ SU(2) × SU(2) of the Lorentz group SO(5, 1) is not simple; so there are two independent helicities λ andλ. The AdS 3 spin is given in terms of the helicities as s 0 = h −h = λ +λ. The result obtained from group theory agrees with the one given below, in eq. 43. However, in the present section we follow the explicit calculation of [6] , and decouple the linearized equations of motion explicitly for the bosons.
Decoupling of the Equations of Motion
The linearized equations of motion for the vector fields in D = 6 SUGRA is:
These wave equations follow from duality, with the numerical coefficient determined The only nonvanishing matter field in the black hole background is a selfdual component of the antisymmetric tensor, decomposed as:
in units where the cosmological constant is Λ = −l 2 = −1. 
For definiteness we concentrate on P = 1 and so the representation (2 + , 4). The result for the alternative polarization P = −1 will be recovered in due course. Thus the equation of motion becomes:
or, in view of eq. 20:
The general expansion in spherical harmonics on S 3 is:
where the coordinates on AdS 3 and S 3 are denoted x and y, respectively. The spherical harmonics satisfy [6] :
It is straightforward to show that a gauge transformation can be chosen so that:
This condition defines the Lorentz-DeDonder gauge. In this gauge A (l,0) = 0 so that the last term in eq. 26 vanishes. The gauge condition eq. 31 allows further gauge transformations of the form:
These are generated by the 0-mode Y (0,0) on the sphere.
The equations of motion eq. 23 for the AdS 3 scalars become:
in the Lorentz-DeDonder gauge. Orthogonality relations of the spherical harmonics gives:
so that the longitudinal modes decouple, as they should. The remaining equations are those of minimally coupled scalars in the AdS 3 , with effective masses:
Then the conformal weights given through:
become:
The SU(2) quantum numbers of the fields are related to the indices (l 1 , l 2 ) of the spherical harmonics through (j,j) = (
). Moreover, the fields are AdS 3 scalars so h =h. Thus we arrive at the following table:
Next we consider the AdS 3 vectors. Their equation of motion is eq. 24. In the Lorentz-DeDonder gauge eq. 31 we immidiately find independent equations for each partial wave: satisfy h −h = ±1 and we can view eq. 39 as an equation for the energy E 0 = h +h.
The SL(2, IR) representation theory is analogous to that of SU (2). We need the equation analogous to eq. 30, namely:
We find:
so h +h = l + 3 and h +h = l + 1 for h −h = ±1, respectively. We thus arrive at the table:
Note that the functions Y 
Superconformal Multiplets
We shift the index l of the second entry in each table so that l = 0, 1, · · ·; and, recalling the convention that multiplets with SU(2) indices j = −1 orj = −1 vanish, we allow l = 0 for the first entry of eq. 38. Then all the modes in the supermultiplet can be assembled into the table:
plus its complex conjugate. The fermionic entries were inferred by supersymmetry, discussed below. At each level l there are 8(l + 1)(l + 2) bosons and 8(l + 1)(l + 2)
fermions.
The underlying symmetry structure of the near horizon geometry of black holes in five dimensions is the factorized supergroup SU(2|1, 1) L × SU(2|1, 1) R . In particular, the two-dimensional supersymmetry is (4, 4) . It follows that the states can be organized into supermultiplets under left and right moving generators independently.
Indeed, the table above is the tensor product of two N = 4 multiplets of the form given in eq. 11, with parameters k L = (l + 1)/2 and k R = l/2; and the complex conjugate multiplet similarly derives from k L = l/2 and k R = (l + 1)/2. The chiralities of the D = 6 vectors, and the quantum numbers of the fermions were in fact determined precisely by demanding this structure.
The chiral primary fields with respect to any (2, 2) subalgebra of the (4, 4) supersymmetry satisfy (h,h) = (j,j) 6 . In the table above, the chiral primary fields are the entries with (h,h) = (
). Similar tables, for the fields present in the N = 4
case, are given in [6] . This allows the assembly of a complete list of chiral primaries in the N = 8 black hole background. It is:
where l = 0, 1, · · ·.
Microscopic Interpretation
According to Maldacena's conjecture [1] the spectrum of black hole perturbations is identical to that of the underlying string theory. For five dimensional black holes the string theory result is given in the work of Strominger and Vafa [4] . This sets the stage for a detailed comparison, elaborating the one given in [7, 8] .
Consider the string theory spectrum of n 1 D1-branes and n 5 D5-branes, wrapped on a small Calabi-Yau manifold M with two complex dimensions, i.e. M = T 4 or M = K3. The spectrum is given by a superconformal σ-model on the target space [4] :
where the level k = n 1 n 5 . The RR states of the σ-model are in one-to-one correspondance with the elements of the cohomology of the target space. It is a property of the symmetric orbifold construction that the cohomology of C can be constructed as a Fock space over the cohomology of M [42, 5]. In particular, the level n (p, q)-form of H * (C), denoted (p, q) n , is the permutation invariant product of n (p, q)-forms of H * (M). More general elements in H * (C) are generated by combining these elementary ones, as in the construction of a Fock space.
We are interested in the chiral operators, more precisely the (c, c) chiral ring.
These are in the NS-NS sector, related to the RR-sector by spectral flow. Their spectrum is [7] :
The chiral operators are organized in a Fock-space whose building blocks are the "single particle operators", just as the RR-states. The conformal weights of the single particle chiral primaries are given by the individual terms in the expression above, with levels n = 1, 2, · · ·, except that n = 2, 3, · · · for p = q = 0 because (0, 0) 1 corresponds to the standard NS − NS vacuum. Thus, their degeneracies are:
(h,h) degeneracy 
The spectrum of chiral operators in string theory should be compared with that of black hole perturbations. In the linearized approximation, the perturbations can be superimposed, and therefore they form a Fock space, just as in string theory. Thus, it is sufficient to compare the single particle operators on the two sides. Moreover, it is only the chiral primaries that are needed, since these operators generate the complete supermultiplet.
For T 4 the "scalar" Betti-numbers are h 2,2 = 1 and h 0,0 + h 1,1 = 5. This gives perfect agreement between string theory (table 47) and supergravity (table 44) , as in [7] (except that there M = K3). The remaining Betti-numbers are h 2,0 = 1 and h 2,1 = h 1,0 = 2; and their complex conjugates. Here the degeneracies of string theory and supergravity agree again, but there is a minor discrepancy in the conformal weights: the first element of the (2, 0) and the (1, 0) string towers are absent in the supergravity description. The states that are missing are not propagating on the supergravity side because they are pure gauge modes; so it is quite proper that they are not included in the table. However, they may nevertheless induce physical degrees of freedom on the boundary at infinity; if these modes are included the agreement is restored. It would be interesting to work out this possibility in more detail.
There is also an important structural difference between string theory and supergravity: in string theory the levels take a finite range n = 1, · · · , k, but in the standard Fock space description they do not. This is the "stringy exclusion princi-ple" [7] . Moreover, in multiparticle states, the total occupation number (weighted with respect to the level) of all varieties of excitations is similarly bounded by k.
Thus the stringy exclusion principle also applies to particles that are not identical.
Let us conclude with a few comments on the conformal field theory underlying the four dimensional black holes. This theory is the effective two dimensional theory of three orthogonally intersecting M5-branes, wrapped on a small torus with their line of intersection kept large. Little is known about this theory, at least in comparison with the D1 − D5 bound state. In particular, there is no complete list of chiral primaries derived from string theory that can be compared with the perturbation spectrum of the near horizon geometry, displayed in table 18. The result given in the table can be viewed as a prediction for string theory.
In supergravity the spectrum of perturbations forms a Fock space, at the linearized level. Thus, it is inherent in the construction of the CFT via AdS/CF T correspondance that there is a large set of multi-particle chiral primaries, organized in a Fock space over the single particle chiral primaries, as in the D1 − D5 case. This suggests that, in analogy with the D1 −D5 system, we seek a σ-model on a symmetric orbifold with the structure given in eq. 45. In the case of intersecting M5 branes we expect k = n 1 n 2 n 3 , where n i is the respective number of M5-branes. It is not presently clear what the manifold M is; but it should be readily determined from the spectrum of chiral primaries, if indeed it exists.
